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exclusion chromatography and X-ray diffractometry, respectively. TPS from high-amylose 23 maize showed higher elongation at break and tensile strength than those from normal maize 24 and waxy maize starches when processed with 40% plasticizer. Within the same amylose 25 content, the mechanical properties were not affected by amylopectin molecular size or the 26 crystallinity of TPS prior to HTT. This lack of correlation between the molecular size, 27 crystallinity and mechanical properties may be due to the dominant effect of the plasticizer on 28 the mechanical properties. Further crystallization of normal maize TPS by HTT increased the 29 tensile strength and Young's modulus, while decreasing the elongation at break. The results 30 suggest that the crystallinity from the remaining ungelatinized starch granules has less 31 significant effect on the mechanical properties than that resulting from starch 32 recrystallization, possibly due to a stronger network from leached-out amylose surrounding 33 the remaining starch granules. 34 M a n u s c r i p t Table 1 . The post-extrusion treatments and characterization techniques applied to the starch 114 extrudates are summarized in Table 2 . 115
Compression molding 116
WMS, NMS, and HAMS pellets were compression-molded into starch films using a lab 117 compression molding (CM) machine. CM was carried out at 100 °C for WMS and NMS and 118 at 130 °C for HAMS, with a pressure of 7.5 MPa for 5 min, as WMS, NMS can be 119 compression-molded into homogeneous films at 100 °C, while HAMS can only form films at 120 130 °C. The resulting films were quench-cooled using a water cooling system to 35 °C before 121 they were removed. Polytetrafluoroethylene films (Dotmar EPP Pty. Ltd., Acacia Ridge, 122 QLD, Australia) were used during CM as release agents. 123
Water sorption 124
Representative films of WMS and HAMS were dried in a BenchTop 2K freeze dryer 125 (VirTis, Gardiner, NY, USA) overnight, and then kept in humidity chambers at 33, 54, and 126 75% relative humidity (RH, which were achieved using MgCl 2 , Mg(NO 3 ) 2 , and NaCl 127 solutions, respectively (Ferreira, Here w o and w t are the weight after freeze drying prior to storage and that after storing in 132 humidity chambers for time t, respectively.M a n u s c r i p t 9 NMS films with and without HTT were stored in the same humidity chamber for 14 days. 157
While ther RHs are not considered here, one expects the trend will be the same: high amylose 158 starch will retrograde more rapidly and the starch may reach to a higher degree of 159 crystallinity; however, as showed in (Shogren & Jasberg, 1994), normal maize starch showed 160 much larger sub-T g endotherms than high-amylose cornstarch when stored at higher RH, 161 which might be due to the B-type crystallinity formed during the long-term storage among 162 the shorter branches of WMS or NMS. The crystalline structure of stored starch films was 163 analyzed using a D8 Advance X-ray diffractometer (Bruker, Madison, WI, USA), where 164 diffractograms were recorded over an angular range (2θ) of 3-40°, with a step size of 0.02°, 165 and a rate of 0.5 s per step. The radiation parameters were set at 40 kV and 30 mA. The 166 degree of crystallinity was calculated following the method of a previous study (Li, Hasjim, 167 Xie, Halley & Gilbert, 2013) using PeakFit software (Version 4.12 Systat Software, Inc., San 168
Jose, CA, USA): 169
where A ci is the area under each crystalline peak with index i, and A t is the total area 171 (amorphous background and crystalline peaks) under the diffractogram. Each sample was 172 only analyzed once; the standard deviation (SD) of XRD results is within 1-3% as reported in 173 a previous study (Lopez-Rubio, Flanagan, Gilbert & Gidley, 2008). 174
Scanning electron microscopy 175
Starch pellets (before CM) and starch films (after CM) were manually fractured after 176 being frozen in liquid nitrogen. The fragments of each sample were placed onto a specimen 177 stub with double-sided carbon tape, and then coated with a thin layer of gold using a sputterA c c e p t e d M a n u s c r i p t coater (SPI-MODULE™, SPI Supplies, West Chester, PA, USA). The surface and inner 179 structures of starch pellet and film samples were examined using a scanning electron 180 microscope (SEM, Philips XL30, Eindoven, Netherlands) with an accelerating voltage of 3 181 kV and a spot size of 6 nm. 182
Tensile mechanical analysis 183
Dumbbell specimens were cut from starch films (including those after HTT) according to 184 ASTM D638-03 standards (Australian Standard AS 1683:11); the specimens were 12 mm in 185 length and 2 mm in width, and the thickness of each specimen was measured prior to tensile 186 tests. The dumbbell specimens were then conditioned for 14 days at 33, 54, and 75% RH. degradation on the molecular, crystalline and granular structures due to thermal energy 207 (gelatinization) and mechanical energy (starch damage). In order to measure the tensile 208 mechanical properties, starch extrudates were compression-molded. In spite of the structural 209 changes from extrusion, the high hydraulic pressure and heat involved in CM may cause 210 further degradation on the starch molecular, crystalline and granular structures. Thus, the 211 compression temperature and time needed to be kept as low and short, respectively, as 212 possible to reduce undesirable structural changes, which can affect the properties of the films. 213
In this study, such CM condition were chosen because WMS and NMS can only form into 214 homogeneous films at ≥ 100 °C, while HAMS can only form into films at ≥ 130 °C with the 215 pressure and time conditions used here. 216 Molecular structure and granular morphology were analyzed by SEC and SEM, 217 respectively, to investigate if there were any changes in these structures after CM. There were 218 no differences in the SEC distributions of starch molecules before and after CM (Supporting 219
Information Figure S1 ), indicating the compression conditions chosen have not induced 220 further molecular degradation. SEM images of the non-fractured (NF) and cryo-fractured 221 (CF) surfaces (the latter is the internal structure) of WMS and HAMS films are shown in 222 Figure 2 . Before CM, the HAMS extrudates displayed more roughness on the NF surface 223 than the WMS extrudates, and also showed greater discontinuity in the internal structure. The diffractograms did not show any apparent changes during storage from 8 to 14 days, with the 258 degree of crystallinity being ~ 6%. Thus, the subsequent mechanical testing experiments were 259 performed on starch films after being aged for 14 days to ensure structural equilibration. 260
Effect of hydrothermal treatment on starch crystalline structure 261
The degree of crystallinity of WMS and HAMS films, observed from the XRD 262 diffractograms, did not show increases after HTT (Supporting Information Figure S1 ). This 263 might be because the crystalline structure formed during HTT is from the leached long-chain 264 amylose (which can form a more perfect network in a high moisture and temperature 265 environment), whereas there is no amylose in WMS, and the amount of amylose that can 266 leach out is negligible for HAMS at the HTT temperature (105°C). On the contrary, more 267 amylose may leach out from a larger number of gelatinized NMS granules (compared to 268 HAMS), explaining why it exhibited increased degree of crystallinity after HTT (Figure 5  269 and Table 3 ). Hence tensile mechanical testing of hydrothermal treated starch films was only 270 applied to NMS starch films. Due to sample brittleness, only NMS-1, -2, -3, and -4 wereM a n u s c r i p t 14 suitable for mechanical testing after HTT, and their degrees of crystallinity were analyzed 272 using XRD (Table 3) . 273
The crystalline patterns of the untreated starch films were the A-and V-types, whereas the 274 C-and V-types were observed after HTT, indicated by the appearance of a small peak at 5.5° 275 ( Figure 5 ). The differences in behaviour of NMS 1 and 3 after HTT when compared to NMS 276 2 and 4 are not explored fully in this paper. The most likely reason for the observed effect is 277 that an increase in temperature gives greater mobility for chains which do not take part in the 278 remaining crystalline structures; these chains may be able to be more affected by the HTT. 279
Previous work (Li, Hasjim, Xie, Halley & Gilbert, 2013) has noted that decreases in 280 crystallinity occurred with increases in SME; however, the conditions which caused this, low 281 plasticizer and low temperature, do not seem likely to affect the ability of the starch to 282 recrystallize after HTT. The diffraction peaks of the HTT starch films were sharper and more 283 defined, indicating that the crystalline structure became more ordered. DSC results of NMS-1 284 and -3 (Supporting information Table S1) showed increases in the melting temperatures of 285 starch crystallites, confirming that the crystalline structure became more stable after HTT. 286
Tensile mechanical properties 287

Effect of relative humidity during aging on starch film tensile properties 288
The tensile properties of WMS and HAMS films stored at different RH are shown in Table  289 4. Films stored at a lower RH were generally more rigid, displaying higher tensile strength, 290 and Young's modulus, but lower elongation at break than those stored at a higher RH, 291 M a n u s c r i p t
Effect of plasticizer content and amylose content on film tensile properties 296
Plasticizer content (glycerol and water in this case) has a similar effect on the tensile 297 mechanical properties to that of RH (Table 1) . For starch films with the same amylose 298 content, significant changes in the mechanical properties only occurred when the amount of 299 plasticizer was different. Brittle starch films resulted from a lower plasticizer content 300 displayed higher tensile strength and Young's modulus, but lower elongation at break, than 301 films with the higher plasticizer content. 302
When the mechanical properties were compared among different types of starch films with 303 the same plasticizer content (Table 1 and Supporting information Table S2 Young's modulus to the HAMS films at both plasticizer contents. At 40% plasticizer content, 310 HAMS and NMS films had higher values of elongation at break than WMS films; however, 311 at 30% plasticizer content, NMS films had higher values of elongation at break than WMS 312 and HAMS films. 313
Effect of hydrothermal treatment on starch film tensile properties 314
The tensile mechanical properties, degree of crystallinity and moisture content for the 315 NMS starch films after HTT are shown in Table 3 . Starch films after HTT showed higher 316 tensile strength and Young's modulus. There were no significant differences in the moisture 317 contents, and thus the changes in the mechanical properties were probably largely related toM a n u s c r i p t 16 the increase in the perfectness of the crystalline structure, which reduced the ability of starch 319 chains to deform during the tensile tests. 320
Correlations between starch structure and tensile mechanical properties 321
The influence of the structural features of starches on the tensile mechanical properties 322 was explored separately for WMS and HAMS films at different plasticizer contents (Table 5) For the three types of starches, WMS displays the greatest variations in molecular size 349 (Table 1) thus it is a good model to understand the relationship between the degraded molecular 352 structure and the tensile mechanical properties. However, there were no significant 353 correlations between -R h and the tensile mechanical properties of WMS films (Table 5) . 354
Different from acid and enzyme hydrolysis, the mechanical shear only cleaved a small 355 number of glycosidic bonds in amylopectin molecules, as explained previously (Li, Hasjim, 356 Xie, Halley & Gilbert, 2013), and the degraded amylopectin was still relatively large with a 357 vast number of short branches. During extrusion and storage, the shorter branches of 358 amylopectin may form intramolecular interactions; however, these interactions may not be 359 varied sufficiently by the extrusion processing to cause significant changes in the tensile 360 mechanical properties of WMS film. On the other hand, a negative correlation between -R h 361 M a n u s c r i p t 18 and tensile strength was observed with HAMS films at 30% plasticizer content (Table 5) between -R h and the elongation at break was probably because starch with a higher amylose 376 content inherently has a smaller -R h (Table 5) . 377
As discussed above, the effective inter-molecular network formed by the longer chains of 378 amylose improves tensile mechanical properties of starch film (such as higher tensile 379 strength, Young's modulus), which is similar to the results from the studies of van Soest et al. 380
(van Soest, Benes & De Wit, 1995; van Soest, Benes, de Wit & Vliegenthart, 1996) , where an 381 increase in starch molecular weight (longer branches with less acid hydrolysis) leads to a 382 higher tearing energy. Larger molecules normally have more molecular entanglements and 383 thus form a stronger network, which increases the energy required to tear the starch film 384 during tensile testing. As acid degrades starch molecules to a higher extent than theM a n u s c r i p t degradation of starch molecules induced by extrusion, this phenomenon is not as apparent for 386 the films made from starch extrudates in the present study. 387
On the other hand, there were no significant correlations between starch structural 388 parameters (molecular size and amylose content) and the mechanical properties from the 389 different starches at 30% plasticizer content. At this level of plasticizer, the molecules might 390 be restrained in a more rigid network structure, preventing them from undergoing 391 retrogradation after extrusion and being fully stretched during tensile test. The results suggest 392 that plasticizer content is more dominant in governing the tensile mechanical properties of 393 starch film than amylose content and molecular size. 394
The degree of crystallinity of the starch films produced under different extrusion 395 conditions did not show significant correlations with tensile mechanical properties (Table 5) . 396
In a previous paper (Li, Hasjim, Xie, Halley & Gilbert, 2013), it was noted that a proportion 397 of crystallinity in extruded samples was related to the starch granule remnants not completely 398 gelatinized during extrusion processing. The lack of a correlation between the starch 399 crystallinity prior to HTT and tensile mechanical properties implies that either the differences 400 in the degree of crystallinity were not large enough to induce changes in the tensile 401 mechanical properties, or this crystalline structure was originated from the starch granule 402 remnants and did not participate in the continuous network that influenced the tensile 403 mechanical properties. This is different from the inferences from the study by van Soest et al. Table S1 . Thermal properties of normal maize starch films with and without hydrothermal 467 treatment. 468 
